Microorganisms were screened for their ability to release cadmium from scallop hepatopancreas, which is the main residue after removing of the edible parts of scallop. The isolated strain, 23-0-11, identified as Arthrobacter nicotinovorans, secreted a protease which released cadmium from scallop hepatopancreas into the liquid medium. The molecular mass of the enzyme was estimated to be 27 kDa. The sequence of the 15 Nterminal amino acids of the protease showed no close similarity with any other protein. Compared with a commercial enzyme, the purified protease had greater ability to release cadmium. The enzyme activity was greatest at 50 C and pH 7.0, and was enhanced in the presence of Ca 2þ , Mg 2þ and Mn 2þ , while being strongly inhibited by Co 2þ . The inhibition profile by the serine protease inhibitor, phenylmethylsulphonyl fluoride (PMSF), confirmed that the protease belonged to the serine protease family.
The aquaculture of scallops has prospered since 1965 in Hokkaido, Japan. The annual production of scallops is rapidly increasing and is now the leading aquatic product in this region. The catch of scallops is about half a million tons per year. As a consequence, the amount of scallop waste has reached about fifty thousand tons per year. Scallop waste consists mostly of hepatopancreas, the main residue after removing the edible parts. The disposed hepatopancreas gives off a bad smell after a short time and contains toxic heavy metals, [1] [2] [3] especially cadmium. The highest concentration of cadmium in the hepatopancreas is in the range of 34.3-42.9 mg/kg. 4) The safe disposal of this waste has recently become a serious problem. On the other hand, the hepatopancreas has the potential to be used as feed for poultry after removing Cd because it is rich in proteins. [5] [6] [7] [8] [9] [10] Suitable treatment of the waste is therefore required to minimize environmental pollution and maximize its economic value.
Although the structural form of Cd present in scallop hepatopancreas tissue is not yet known in detail, it has been reported that, in marine organisms, Cd can be bound to specific proteins, metallothioneins (MTs), which are low-molecular-weight, cysteine-rich, metalbinding proteins. 4, [11] [12] [13] It is therefore difficult to directly remove the cadmium from the cadmium-binding protein in scallop tissues. A previous study has reported that cadmium in the hepatopancreas can be removed by treating with sulfuric acid. 5) However, some intrinsic problems of corrosion in the equipment and loss of protein by acidic hydrolysis were encountered. Microbial processes have the potential to overcome these problems. The removal of cadmium from an extract of hepatopancreas by sulfur-reducing bacteria has recently been reported. 9) However, these bacteria produce H 2 S, which also can cause corrosion, and there are some practical disadvantages due to the anaerobic nature of this process.
To overcome the hazards from chemical treatment, we have developed a bioprocess for removing cadmium from a homogenate of hepatopancreas by first digesting with a commercial endopeptidase (Protin PC10) and then by treating with Xanthomonas sp. UR No. 2 which absorbs 98% of the released Cd from the medium. 14) This process is effective for removing cadmium from the hepatopancreas, but the use of a costly commercial enzyme poses an economic problem.
To solve this problem, we have found an organism which produces a protease having the capability to release cadmium from the scallop hepatopancreas. This protease might be useful in applications for the disposal of marine waste.
Materials and Methods
Materials. Hepatopancreas tissue was excised as wastes during food processing from scallops harvested in Funka Bay of Hokkaido. This scallop hepatopancreas tissue was powdered after removing the lipids and heattreating. The scallop hepatopancreas powder (moisture equivalent of 9.1%, containing 60% protein, pH 6:4 AE 0:2) used in this study was purchased from Chemical Feed Co., Ltd., Japan.
Isolation of microbes producing proteases. Soil samples collected from different locations in Hokkaido, Japan were cultured in 5 ml of a medium containing 1% hepatopancreas and 1.77% of sea salt (pH 7.0; Jamarin Laboratory, Japan). The composition of the sea salt was similar to that of seawater. To enrich the culture after incubating at 27 C for 2 days, one hundred l of the culture broth was inoculated into 5 ml of fresh medium and incubated again under the same conditions. This process was conducted seven times, the culture then being isolated as single colonies on a screening medium containing 2% agar.
Screening for microbes having cadmium-releasing capability. The isolates obtained were grown in 5 ml of a Uro medium containing 0.1% K 2 HPO 4 , 0.1% MgSO 4 .
7H 2 O and 0.7% hepatopancreas at pH 7.0 and 27 C for 2 days while shaking. Two ml of the seed culture was inoculated into 100 ml of the fresh medium in a 500-ml shaking flask and incubated at 27 C on a reciprocal shaker. Samples were periodically withdrawn from the culture and centrifuged at 10;400 Â g and 4 C for 30 min. The amount of cadmium contained in the supernatant was determined by an atomic absorption spectrophotometer (Z-5310, Hitachi, Japan) operated in the flame mode.
Protease activity. Protease activity was measured by using skim milk (Morinaga Milk Industry Co., Ltd., Japan) as a substrate. A diluted enzyme solution (0.4 ml) was mixed with 3.6 ml of 2% (w/v) skim milk in a 50 mM phosphate buffer at pH 7.0 and then incubated at 30 C for 30 min. The reaction was terminated by boiling for 5 min and then cooling in an ice-water bath for at least 10 min. The reaction mixture was centrifuged, and the soluble peptide in the supernatant fraction was measured by the method of Rosen, using leucine as the reference compound. 15) One unit of protease activity is defined as the amount of enzyme required to liberate 1 mol of leucine per min. The specific activity is expressed in units of enzyme activity/mg of protein.
Protein determination. The protein concentration was determined by the method of Lowry et al., 16) with bovine serum albumin (BSA) used as a standard. During the purification steps by chromatography, the protein content of each fraction was monitored at 280 nm with a spectrophotometer (Beckman DU640, USA).
Identification of the isolates. The isolates were grown overnight in 5 ml of LB medium (yeast extract, 5 g/l; polypeptide 10 g/l; and NaCl 5 g/l) at 27 C while shaking. DNA was extracted from 1.0 ml of the culture broth by using a DNA extraction kit (Isoplant II, Nippon Gene). PCR was performed with the GeneAmp PCR System 2400 (Applied Biosystems, Japan), using GeneAmp PCR core reagents (Applied Biosystems) in 50 l of reaction mixture containing 100 ng of DNA, 1 Â PCR buffer, 50 pmol of each primer, 2 mM (final concentration) of dNTPs, 2.5 U AmpliTaq (Applied Biosystems), and 1.5 mM of MgCl 2 . The primers used were 27F (5
. The sequences were subjected to a sequence homology search with the GeneBank database.
Purification of protease produced from Arthrobacter nicotinovorans 23-0-11. All purification procedures were done at 4 C, and consisted of freeze-drying, and DEAE-and CM-Toyopearl 650M column chromatography (Tosoh Co., Tokyo, Japan).
Step 1: Freeze-drying. A. nicotinovorans 23-0-11 was cultivated in 10 Â 100 ml of Uro medium in 500-ml shaking flasks at 27 C for 2 days on a reciprocal shaker at 180 rev./min. The culture broth was centrifuged at 10;400 Â g and 4 C for 30 min, and the culture supernatant was lyophilized with a FD-550P freeze drier (Eyela, Japan). The freeze-dried powder (crude enzyme) was dissolved in 30 ml of a 10 mM phosphate buffer (pH 6.0), before the insoluble portion was filtered through a 0.45 m pore-size filter. This solution was used for further purification.
Step 2: DEAE-Toyopearl 650M column chromatography. A DEAE-Toyopearl 650M column was preequilibrated with a 10 mM phosphate buffer (pH 6.0). The solution from step 1 was loaded into this column. The eluate with high protease activity was collected after washing with 5 volumes of the same buffer at a flow rate of 1 ml min À1 . This active solution was concentrated by ultrafiltration with a Centricon YM-10 instrument (Amicon, Ireland).
Step 3: CM-Toyopearl 650M column chromatography. The CM-Toyopearl 650M column was also preequilibrated with a 10 mM phosphate buffer (pH 6.0). The concentrated active solution from DEAE-Toyopearl 650M column chromatography was loaded into this CMToyopearl 650M column which was then washed with the same buffer at a flow rate of 1 ml min À1 . A linear gradient from 0-1.0 M NaCl was used for elution. The active fractions were pooled and concentrated with the Centricon YM-10 instrument. The purity of these active fractions was observed by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Ability for releasing cadmium from scallop hepatopancreas. Protease samples including the crude enzyme, purified enzyme and Protin PC10 (endopeptidase, Daiwakasei, Japan) were tested to compare their ability for releasing cadmium from scallop hepatopancreas. One gram of hepatopancreas was dissolved in 30 ml of a 50 mM phosphate buffer (pH 7.0) and then incubated with or without the addition of a protease sample at 50 C for 4 h while shaking. The resulting solution was boiled for 15 min to deactivate the protease, and then centrifuged at 10;400 Â g and 4 C for 30 min. The resulting supernatant was filtered through a 0.45 m pore-size filter to remove the insoluble particles. The amount of cadmium contained in the filtered supernatant was determined with an atomic absorption spectrophotometer (Z-5310, Hitachi, Japan) operated in the flame mode.
Molecular mass and N-terminal amino acid sequence analysis. SDS-PAGE was performed by the method of Laemmli 17) with 12% polyacrylamide gel that was stained with Coomassie G250 stain (Bio-Rad, USA). The molecular mass was determined by interpolation from a linear semi-logarithmic plot of the relative molecular mass versus the Rf value (relative mobility) by using standard protein markers (prestained SDS-PAGE standards from Bio-Rad).
The purified protease was blotted on Mini ProBlottÔ Membranes (Applied Biosysterms, USA) according to the manufacturer's protocol. The N-terminal amino acid sequence of the enzyme was determined with a Procise 49X-HT protein sequencer (Applied Biosystems, USA).
Effect of pH on the activity and stability of the protease. The pH stability of the protease was determined by measuring the residual protease activity at pH 7 after the protease sample had been dialyzed against buffers of various pH value (pH 3-11) in seamless cellulose tubing (Bio-tech International, Japan) at 30 C for 30 min. The buffers used were citric acid-Na 2 HPO 4 (50 mM, pH 3.0-5.0), NaH 2 PO 4 -Na 2 HPO 4 (50 mM, pH 6.0-8.0), and glycine-NaOH (50 mM, pH 9.0-11.0). The effect of pH on the activity of the protease was assayed by directly measuring the residual activity after the protease sample had been incubated at 30 C in the buffers of various pH value for 30 min each.
Effect of temperature on the activity and stability of the protease. To examine the thermal stability of the protease, it was dissolved in a phosphate buffer (50 mM, pH 7) and allowed to stand for 30 min at various temperatures C). The heated protease was cooled and the residual activity was measured. In examining the effect of temperature on the protease activity, the same assay procedure was applied, except that the residual protease activity was measured without cooling.
Influence of divalent metal ions and inhibitors on the protease activity. To determine the effect of metal ions, the purified protease was pre-incubated in a Tris-HCl buffer (50 mM, pH 7) at 30 C for 30 min with various metal ion chloride salts, each at a final concentration of 10 mM. The residual protease activity was subsequently measured.
The inhibitors used in this study were E-64, EDTA, leupeptin, pepstatin A, PMSF (Sigma, USA) and 1,10-phenanthroline (Wako, Japan). The purified enzyme was preincubated with each of the inhibitors at 30 C for 30 min, and the residual protease activity was then determined.
Results

Screening of microbes capable of releasing cadmium from scallop hepatopancreas
Among one hundred isolates obtained from various soil samples, six strains were selected for their higher activity of releasing cadmium from the scallop hepatopancreas. Strain 23-0-11 was found to be the best among the six isolates because it was both highly efficient in releasing cadmium from the hepatopancreas and had high protease activity with skim milk as a substrate (Table 1 and Fig. 1 ). After incubating strain 23-0-11 for 3 days, the amount of released cadmium reached 0.68 ppm (mg/l) from 0.05 ppm at the start, its protease activity being the highest among the six isolates.
Taxonomic characteristics of strain 23-0-11 Strain 23-0-11 was a Gram-positive, asporogenous and coryneform bacterium. Colonies were creamcolored and smooth. The 16S rDNA sequence shows that strain 23-0-11 had 99.1% and 98.89% homology to 
Purification of protease from A. nicotinovans 23-0-11
The two ion-exchange chromatography procedures were effective for purifying the protease from A. nicotinovorans 23-0-11. The protease was purified 25.4-fold with a yield of 41.4% and with a final specific activity of 40.9 units/mg ( Table 2 ). The purified enzyme had a single band by SDS-PAGE and its molecular mass was estimated to be 27 kDa (Fig. 2) . The sequence of the 15 N-terminal amino acids of the purified protease determined by an amino acid sequencer was Val-Asn-GlnSer-Glu-Thr-Pro-Val-Lys-His-Ile-Gly-Ly-Ile-Phe.
Ability for releasing cadmium from hepatopancreas
To compare the ability of releasing cadmium from hepatopancreas, the crude enzyme, purified enzyme and Protin PC 10 commercial enzyme were each tested ( Table 3 ). The purified protease gave the greatest ability to release cadmium, inasmuch as there was 111 ng of cadmium released into the reaction mixture from 1 g of hepatopancreas in one hour, while there was only 25.4 ng of Cd from Protin PC10 and 7.2 ng of Cd by using the crude enzyme.
Effect of pH on the activity and stability of the protease
The effect of pH on the protease activity was determined by a modification of the Rosen method for assaying the protease activity, using skim milk as a substrate. The maximum activity was found at pH 7 *Released cadmium (ng/h) is defined as the amount of cadmium released per hour by the enzyme from 1 g of scallop hepatopancreas into reaction solution at 50 C.
( Fig. 3) . The stability of the protease at various pH values was examined after preincubating in the range of pH 3 to 11 at 30 C for 30 min. More than 80% of the activity was retained in the pH range of 3 to 9 (Fig. 4) .
Effect of temperature on the activity and stability of the purified protease
The effect of temperature on the protease activity was also studied with the same substrate and method as that just mentioned. The optimum temperature for protease activity was observed at 50 C (Fig. 5) . The effect of temperature on the enzyme stability was also determined after preincubating at various temperatures for 30 min before assaying for the residual protease activity. The result showed that the protease activity remained stable up to 60 C and was completely inactivated at temperatures above 70 C (Fig. 6 ).
Effect of metal ions and protease inhibitors
The protease activity of the purified enzyme was increased almost 3 times by adding 10 mM Ca 2þ , 2.49 times by Mn 2þ , and almost two times by Mg 2þ as compared with the activity when no metal ion had been added (Table 4) . On the other hand, Cd 2þ and Ni 2þ had almost no effect on the protease activity, Cu 2þ , Hg and Zn 2þ showed a slight inhibitory effect on the enzyme activity, while Co 2þ inhibited the protease activity by up to 74%.
The effects of known protease inhibitors on the purified enzyme were also investigated. The activity of the enzyme was completely inhibited in the presence of 1 mM PMSF (Table 5) which is an established serine protease inhibitor. Other inhibitors such as E-64 and 1,10-phenanthroline had slight inhibitory effects, while the protease activity was stimulated in presence of leupeptin, pepstatin and EDTA. These results indicate that the purified protease belonged to the serine protease family. 
Discussion
Proteases are important to industry and constitute 65% of the total industrial enzyme market. 18) Proteases are used in such industrial applications as the manufacture of laundry detergents, leather preparation, protein recovery and solubilization, meat tenderization and organic synthesis. Some of proteases are being used for the reutilization of waste. Wang et al. [19] [20] [21] and Yang et al. 22) have reported that using marine crustacean waste as the sole carbon source enabled strains of Pseudomonas aeruginosa and Bacillus subtilis to be utilized to produce proteases which had the ability to deproteinize shrimp and crab shell waste. Remero et al. 23) have also described the protease produced from Serratia marcescens grown in the presence of whey which is a major type of dairy waste.
In this present study, A. nicotinovorans 23-0-11 secreted protease in the supernatant of the culture medium only when hepatopancreas had been added as a substrate, and none could be detected in other media without hepatopancreas such as LB medium.
According to a classification, 24) proteases can be divided into four groups: the serine-, cysteine-, asparticand metallo-protease families. It is possible to distinguish between those different types of proteases by using class-specific inhibitors. We found in this study that the purified protease was strongly inhibited by PMSF, a serine protease inhibitor, but not by other protease inhibitors. It has been reported that most serine proteases had their optimum activity at pH values higher than 8.0 and they were low-molecular-weight proteins. 23, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Based on these characteristics, the purified protease produced from A. nicotinovorans was possibly a neutral serine protease.
Compared with the commercial enzyme, Protin PC10, the protease from A. nicotinovorans 23-0-11 had greater ability to release cadmium, thus being of more practical use in treating scallop hepatopancreas or other marine waste containing cadmium. It is now possible to design an entire bioprocessing scheme for separating the Cdfree protein residue from scallop hepatopancreas. Protein-bound cadmium in the hepatopancreas would be released by the protease of A. nicotinovorans 23-0-11 into the culture medium in a free state. The free Cd ions in the liquid medium could then be accumulated by Xanthomonas sp. UR No. 2. 14) After that, the Xanthomonas cells could be separated from the medium by centrifugation. The cell-free protein-rich medium could then be effectively used as feed after being dried. Further studies on the release of cadmium from hepatopancreas under various conditions are in progress. 
